Hybridization experiments were carried out between high molecular weight, denatured, agar-embedded deoxyribonucleic acid (DNA) and homologous, nonembedded, sheared, denatured "4C-labeled DNA from a strain of Agrobacterium tumefaciens and Rhizobium leguminosarum (the reference strains) in the presence of sheared, nonembedded, nonlabeled DNA (competing DNA) from the same or different nomen-species of Agrobacterium, Rhizobium, Chromobacterium, and several other organisms. Percentage of DNA homology was calculated from the results. The findings are discussed in relation to previous taximetric studies, present classification schemes, and guanine-cytosine content of the DNA. Strains of A. tumefaciens, A. radiobacter, A. rubi, A. rhizogenes, R. keguminosarum, and R. meliloti exhibited a mean percentage of DNA homology greater than 50 with the two reference strains. A. tumefaciens, A. radiobacter, and A. rubi were indistinguishable on the basis of DNA homology, with strain variations for this group involving up to 30% of their base sequences. The remainder of the organisms studied fall into at least six distinct genetic groups: (i) R. (Agrobacterium) rhizogenes, which is more homologous to R. leguminosarum than to the A. tumefaciens-A. radiobacter group; (ii) R. leguminosarum; (iii) R. meliloti; (iv) R. japonicum, which has a mean DNA homology of some 38 to 45% with the reference strains; (v) Chromobacterium, which is as genetically remote from the reference strains as, for example, Pseudomonas; and (vi) A. pseudotsugae strain 180, which has a DNA homology with A. tumefaciens and R. leguminosarum of only about 10%. Since this latter homology value is similar to what was found after hybridizations between the reference strains and organisms such as Escherichia coli and Bacillus subtilis, A. pseudotsugae should definitely be removed from the genus.
Bacteria within the genera Agrobacterium and Rhizobium have the unique capacity to induce such phenomena as prolific root formation, nitrogen-fixing root nodules, and autonomous crown-gall tumors on many higher plants. In addition to their obvious agricultural importance, these bacteria have become very useful tools in attempts to understand better the underlying mechanisms of plant morphogenesis, phytopathogenicity, and host-parasite relationships (12, 15, 18, 26) . Surprisingly little, however, is known about the genetic interrelationships of the agrobacteria and rhizobia. The taxonomy of these bacteria is also confused. Their classification is frequently based upon only a few phenotypic properties, resulting in considerable variation from one text to another (11, 17, 22, 27; Sneath (24) and of the agrobacteria, rhizobia, and chromobacteria by Graham (13) , as well as investigations by De Ley and co-workers (5, 6, 9) on the guanine-cytosine (GC) content of the deoxyribonucleic acid (DNA) of these bacteria. Cultivation of 14C-labeled bacteria. Klett flasks (1-liter) containing 200 ml of appropriate liquid medium (see above) and 0.2 mc (20 ml) of filter-sterilized uracil-2-14C (The Radiochemical Center, Amersham, Buckinghamshire, England) were inoculated with ca. 106 cells of either A. tumefaciens strain B6 or R. leguminosarum strain 316C1OA. The cultures were incubated on a reciprocal shaker at 27 C. Growth was followed with a Klett colorimeter, and at the end of the log phase the bacteria were harvested by centrifugation, washed twice with saline-EDTA, and lyophilized. The 14C-labeled DNA was then extracted from the dried cells.
DNA preparations. All DNA was extracted and purified according to the procedure of Marmur (21), modified so as to include a deproteinization step with pronase (40 ,g/ml; Calbiochem, Los Angeles, Calif.) after ribonuclease treatment. This procedure typically yielded DNA with a molecular weight between 5 X 106 and 10 X 106, as determined by standard analytical ultracentrifugation techniques. Purified 14C-labeled DNA was dissolved in 0.2 X SSC buffer (1 X SSC buffer = 0.15 M NaCl and 0.015 M trisodium citrate, pH 7), sheared in a French pressure cell at 12,000 psi to an average molecular weight of about 3 X 105, denatured by heating for 6 min at 106 C in a glycerol bath, immediately cooled in an ice bath, and adjusted to a final concentration of 50 ,g/ml in 2 X SSC buffer. Purified, precipitated, unlabeled DNA was dissolved to a concentration of about 5 mg/ml in 0.1 X SSC buffer and stored at 4 C with a few drops of chloroform until used for the preparation of "competing DNA" and DNA-agar. Competing DNA was prepared by shearing and denaturing the DNA as above and adjusting the SSC buffer concentration to 2. DNA-agar was made according to the procedure of Bolton and McCarthy (3) with the exception that it was heated at 106 C in 0.1 X SSC instead of at 100 C because of the high melting point of these DNA preparations.
Hybridizations. DNA hybridization was carried out by use of the technique of McCarthy and Bolton (20) as modified by Hoyer et al. (14) . In essence, 30 ,ug of sheared, denatured, "IC-labeled DNA (600 to 800 counts per min per ,ug) from either A. tumefaciens strain B6 or R. leguminosarum strain 316ClOA was incubated with 300 ,ug of high molecular weight unlabeled, denatured, agar-embedded DNA from the same strain. Incubation was for 16 hr at 60 C in a total volume (milliliters) of 2 X SSC buffer amounting to 2 to 2.5 times the weight (grams) of the DNA-agar depending upon the concentration of DNA in the DNA-agar preparation used. The above hybridization procedure was carried out both in the presence and absence of 2,000 ,ug of competing DNA (sheared, denatured, unlabeled, non-agar-embedded DNA) from the same strain or different strains. Appropriate controls were run for each new preparation of DNAagar. After incubation, the hybridization mixture was added to a jacketed column having a sintered-glass base covered by filter paper and glass wool. The DNAagar in the column was then washed with 2 X SSC buffer at 60 C to elute the unhybridized fraction of 14C-DNA (about 120 ml at a flow rate of 100 ml/hr).
VOL. 94, 1967 The 14C-labeled DNA that was bound to the high molecular weight DNA in the agar was then eluted by washing with 90 ml of 0.01 X SSC buffer at 75 C. The degree of hybridization was determined by comparing the amount of 14C-label which had annealed to the agar-bound DNA with that which was washed free. The percentage of homology between the DNA of the reference strains and the DNA from the various other strains (competing DNA) was calculated from their relative effect upon the amount of "4C-labeled DNA which, in their presence, hybridized with the agarbound reference DNA. DNA homology values were typically reproducible to within 1 to 6%. Hybridizations were usually repeated two to three times, and the values given represent the mean of the separate determinations. The competition procedure was chosen because it eliminated the error associated with making DNA-agar from different DNA preparations.
Radioactivity determintations. Disintegrations were counted as previously described by De Ley and Friedman (7). The correction factor for self-absorption in 2 X SSC buffer under the conditions used was 14.4%; for 0.01 X SSC buffer, quenching was negligible.
GC content. DNA base composition was determined by thermal denaturation as described by De Ley and co-workers (9, 10).
RESULTS AND DISCUSSION
The different bacteria used in this study, along with their GC content, and DNA homology with A. tumefaciens strain B6 and R. leguminosarum strain 316C10A are listed in Table 1 .
With the exception of A. pseudotsugae and R. japonicum, the agrobacteria and rhizobia have about the same range of GC content, mainly, 59 to 63% of their DNA. R. japonicum and the chromobacteria typically have a GC value of around 64 and 66%, respectively. Far more extensive studies by De Ley and co-workers (6, 9) suggest that these are representative values.
The genetic relationships among the different strains studied are depicted in Fig. 1 (6) , which were made after an examination of the phenotypic and molecular properties of these bacteria.
Although definite conclusions cannot yet be drawn about the taxonomic status of A. rubi from the single strain studied, it would appear on the basis of its homology with the reference strains that it, too, should be placed in the same species with A. radiobacter and A. tumefaciens. The limited criteria upon which the specie designation of A. rubi is based has already been emphasized (6) . The belief that bacteria within this species are pathogenic only to plants in the genus Rubus has been disproven a number of times both in this laboratory (6) and in others (18, 25) .
The DNA from strain 180 of A. pseudotsugae was only slightly similar to that of the reference strains, its GC content was high, and its pathogenicity was questionable. These observations clearly indicate that strain 180 is not a valid Agrobacterium strain and that it should be removed from this genus. radiobacter-A. tumefaciens group. Although A. rhizogenes and R. meliloti exhibit about the same degree of DNA homology with R. leguminosarum, the question of whether they are similar by virtue of the same portion of their genomes is presently under investigation.
The three species of Rhizobium fall within distinct genetic groups in their relation to the R. leguminosarum reference strain, thus confirming their species status and the findings of Graham (13) teria and rhizobia as is presently the case in Bergey's Manual. We suggest that they be removed from the family Rhizobiaceae. Whether this family grouping has any real meaning has already been questioned (6) .
The Rhizobiaceae is one of the few groups of bacteria in which both taximetric analysis and DNA homology studies have been carried out and, thus, provides an interesting opportunity to compare the results obtained by these rather different techniques. Figure 2 shows a plot of the mean percentage of taximetric similarity against the mean percentage of DNA homology. Greater resolution was obtained by the hybridization technique, which expands the differences over a 67% homology range, as compared with taximetric analysis, which extends only over a 38% similarity range. The farther removed two strains are from each other genetically, the less agreement there is between both methods. At least two explanations might account for this discrepancy. First, taximetric analysis involves probably not more than one-fifth of the genome; and second, hybridization experiments will show lack of homology among cistrons which code for enzymes producing similar phenotypic properties, by virtue of a common active center, but differing in amino acid sequence or content (or both).
With the exception of one nomen-species, there is a good qualitative correlation between the results obtained by DNA hybridization and taximetric analysis in this particular case. The very high taximetric similarity observed between strains of R. meliloti and A. tumefaciens was not reflected in their DNA homology. This high value might be a consequence of the particular properties selected for analysis and, if so, would be expected to diminish as more properties are examined.
It may be noticed from Fig. 2 that percentage of DNA homology is not higher than percentage of phenotypic similarity. There is thus no indi- (23) . (10) . The DNA hybridization technique, because it takes into account the entire genome, offers a sensitive and quantitative approach to the classification of organisms. It seems feasible, therefore, that it should be used to clarify the presently ill-defined concept of bacterial genus and species. It can be seen from the present study that authentic strains for the same nomen-species (see A. tumefaciens, Table 1 and Fig. 1 ) display at least a 70% DNA homology. In view of the results with the A. radiobacter and A. rubi strains, it seems that this degree of homology would be a suitable boundary for a genetic species. In a comprehensive study of DNA homology among a number of Xanthomonas strains (8), a similar value was suggested for the limit of the genospecies.
Figure 1 presents the taxonomist with an interesting nomenclatorial problem of where to draw the genus line. If the line is drawn between the 50 to 70% homology level, then Agrobacterium remains a genus independent from Rhizobium, but A. rhizogenes and R. meliloti also have to become separate genera, and a fortiori R. japonicum. It seems more realistic to draw the line at about 50% homology. This latter value would also correspond with that which was found to be a suitable genus boundary for Pseudomonas (10) . Table 2 gives a proposed classification scheme that would be in line (except for R. japonicum) with the above findings. For comparison, the orthodox classification as it stands in Bergey's Manual is also included. In Table 3 are given some of the distinguishing phenotypic characteristics that might be used for identifying the different geno-species proposed in Table 2 .
According to the above proposal, the subpolarly flagellated, slow-growing rhizobia, exemplified here by the two R. japonicum strains (see Table 1 DNA hybridization data to date indicate that the agrobacteria and rhizobia are genetically more related to the Pseudomonadales than to the Eubacteriales. Thus, in addition to changes at the genus and species level, a change in the higher classification of these bacteria may also be in order. If supergeneric classifications are to be maintained at all in the future, and if they are to have significant genetic or evolutionary meaning, it would seem prudent to wait for more data to accumulate before proposing any new groupings that may otherwise prove to have been made prematurely.
